Introdu 9
Cd toxicity in animals and humans has become a source of great concern. The half-life of Cd in the human kidney is 18 to 33 yr (Filbert et al., 1971) and it has been linked with renal tubular damage, hypertension, anemia, infertility and a host of other maladies (NAS, 1980) . Environmental pollution by Cd occurs as a result of refuse from mining and smelting operations, corrosion of metal-plated iron, disposal of Cd containing consumer products (e.g., batteries, pigments, stabilizers), losses from industrial operations and fertilization of pastures and croplands with urban sewage sludge (Yost, 1979; NAS, 1980) . It is well known that Cd interacts nutrition-1 Dept. of Anita. Sci.
ally and metabolically with other nutrients, e.g., Zn, Fe, Cu and Ca (Hill et al., 1963 ; Banis et al., 1969; Fox, Rowland, 1980) . Our purpose was to study Cd surfeits in chick diets containing at least adequate (and in most cases, excess) levels of each of these nutrients so that a potential interaction with free sulfhydryl (SH) groups in the form of cysteine could be studied.
Of special interest was whether cysteine could prevent the accumulation of Cd in the kidney. Strong SH-Cu (Robbins and Baker, 1980) and SH-Co (Southern and Baker, 1981) interactions had previously been shown in our laboratory. Previous research (Fox et al., 1971) with Cd and cysteine gave variable results when a single dose of cysteine was given to Japanese quail consuming high Cd (75 mg/kg) diets; tissue Cd levels, however, were not examined. Also, Eimeria acervulina-induced coccidiosis was found in the case of excess copper feeding to exacerbate the deposition of this element in soft tissues (Southern and Baker, 1982) . Eimeria acervulina is a common protozoan parasite which attacks the duodenum of the chick and results in significant financial losses to poultry producers. The site of pathogenesis of E. acervulina makes the study of tolerance to high levels of minerals during infection with this agent of practical importance. Thus, a potential Cd x cysteine x coccidiosis interaction was evaluated in one experiment.
Experimental ProaJdure
Male New Hampshire • Columbian chicks were used in each of the three experiments. A corn-soybean meal starter diet was fed during the first 8 d posthatching. Following an overnight fast, experimental groups of five male chicks were selected to have similar mean initial weights and weight distributions. Triplicate groups of five chicks were assigned to each of the treatments and placed in heated, thermo-983 JOURNAL OF ANIMAL SCIENCE, Vol. 54, No. 5 1982 statically controlled starter batteries. The assay period was 9 to 23 d posthatching for all experiments, and toxicity was assessed by monitoring gain, feed intake, gain:feed ratio and kidney Cd accumulation. Feed and water were provided ad libitum throughout the trials, and a 24-h constant light schedule was mainrained.
The composition of the basal diet is presented in table 1. It was designed to be adequate to more-than-adequate in all nutrients. Fe, Ca, and Zn were provided at more-than-adequate levels, since these elements have been shown to be antagonized by excess Cd (Hill et al., 1963; Banis et al., 1969; Fox, 1979; Rowland, 1980) . All dietary additions were made at the expense of cornstarch. Cysteine was used in the experiments because it has been found more effective in ameliorating mineral toxicities than other sulfur amino acids (Robbins and Baker, 1980; Southern and Baker, 1981) . The level of supplemental L-cysteine-HCI.H20 used (.59%) is isosulfurous to .50% methionine, a level previously used in our laboratory. Supplemental Cd was provided as CdCI2.2.5H20.
At the termination of experiments, the high, low and median weight birds from each replicate were killed by cervical dislocation. The left kidney of each bird was removed for tissue analysis; kidneys from individual birds within replicates were then pooled. After being dried at 100 C for 24-h, kidneys were weighed, wet ashed with nitric acid and analyzed for Cd by atomic absorption spectrophotomctry (AOAC, 1970) . Results were expressed as btg Cd/g dry tissue.
Exp. 1 was designed to determine whether cysteine could alleviate the growth depressing symptoms caused by 30 mg/kg added Cd. Two levels of Cd (0 and 30 mg/kg of feed) and two levels of L-cysteine.HC1, H20 (0 and 59%) were added to the basal diet (table 1), constituting a 2 • 2 factorial treatment design.
Exp. 2 was designed to determine whether cysteine could alleviate the toxicity of a higher level of Cd than was used in Exp. 1. The design of Exp. 2 was identical to that of 1 with the exception that feed containing 60 mg Cd/kg was fed rather than 30 mg/kg.
Exp. 3 was designed to study the effect 2Original stock culture was obtained from Eli Lilly and Co., Greenfield, IN.
of cysteine on Cd toxicity in the presence or absence of duodenal coccidiosis. A factorial treatment design was utilized with two levels each of L-cysteine-HC1-H20 (0 and .59%), Cd (0 and 60 mg/kg of feed) and Eimeria acervulina 2 (0 and 4 x l0 s E. acervulina sporulated oocysrs/ml of inoculum). The E. acervulina-infected birds were inoculated by crop intubation with 4 • 10 s sporulated E. acervulina oocysts/ml of inoculum on d 0, 3, 6, and 9 of the experiment. The noninfected birds were sham-inoculated with water on the same days. Subsequent cultures were obtained by isolating E. acervulina oocysts from the droppings of infected birds. Sporulation of the oocysts was brought about by oxygenations for 48 to 72 h, with a 2% solution of potassium permanganate used to retard bacterial growth. This stock culture was then stored under refrigeration. To obtain the correct concentration of E. acervulina for inoculation, an aliquot was removed from the stock culture the day before inoculation. This aliquot was centrifuged twice at 800 x g to remove the potassium permanganate. The sporulated E. acervulina oocysts were then counted with a hemocytometer, and the aliquot was diluted with the appropriate volume of water to achieve a final concentration of 4 x IO s sporulated E. acervulina oocysts/ml (Willis and Baker, 1981a, b) . bcd main effect was significant (P<.02). CCysteine main effect was significant (P<.02). dKidney samples from three birds within each replicate were pooled before atomic absorption analysis was performed. Pooled SE for the transformed data was .022 9 The Cd • cysteine interaction was significant (P<.O05).
eprovided by CdCI 2 .2.5 H 20.
All data were analyzed by analysis of variance, using procedures appropriate for factorial treatment designs (Steel and Torrie, 1980) . Because the original kidney Cd data were heteroscedastic, one was added to all observations and the data were then transformed to natural logarithms before statistical analysis.
Results and Discussion
The results of Exp. 1 are summarized in table 2. Added Cd (30 mg/kg of feed) depressed gain and gain:feed ratio (P<.02); cysteine addition increased rate and efficiency of gain regardless of Cd level. Due to the excellent rate of gain of birds fed the basal diet, and since the basal diet should have been completely adequate (NRC, 1977) in sulfur amino acids (i.e., .93%, consisting of .57% methionine and .36% cystine) and contained low levels of Cd and minerals (i.e., Co, Cu) which are known to interact with cysteine, the response to cysteine, though small, was unexpected. There was no indication that supplemental cysteine had any beneficial effect (above that seen in the basal diet) on the growth depressing effects of 30 mg/kg Cd. Similar results were obtained by Fox et al. (1971) , who gave a 10,000 mg/kg oral dose of L-cysteine.HC1 to Japanese quail that were being fed 75 mg/kg Cd. Kidney Cd concentration was increased (P<.001) markedly by Cd feeding. The addition of .59% L-cysteine. HC1. H20 decreased kidney Cd content in the presence but not in the absence of 30 mg/kg dietary Cd, and this resulted in a Cd x cysteine interaction (P<.005). Rowland (1980) reported a more severe depression in weight gain and gain:feed ratio, and a greater concentration of Cd in the kidney when 30 mg/kg Cd was fed to chicks, than that observed in our study. The explanation for this discrepancy may reside in the nature of the basal diets used. Rowland's basal diet was marginal in Zn and Ca, whereas the basal diet used in our experiments had adequate to more-thanadequate levels of each of these elements. Surfeit levels of Zn and Ca are known to decrease kidney Cd accumulation and partially alleviate the gain and gain:feed ratio depression due to high levels of dietary Cd (Banis et al., 1969 , Rowland, 1980 . The results of Exp. 2 are summarized in table 3. As in Exp. 1, added Cd depressed gain and gain:feed ratio and increased kidney Cd concentration (P<.001). Also, supplemental cysteine partially prevented the elevation in Cd content of kidney tissue as a result of feeding 60 mg/kg added Cd (P<.02).
In Exp. 3 (table 4) , dietary Cd (60 mg/kg) and E. acervulina infection each depressed gain and gain:feed ratio (P<,O01), whereas supplemental cysteine (.59% L-cysteine. HCI. H~O) improved performance. The cysteine x coccidiosis interaction (P<.08) provided evidence that cysteine improved gain more in E. acervulina-infected birds (16% response) than in noninfected birds (4% response). It aResults represent mean values obtained for triplicate groups of five male chicks during the period 9 to 23 d posthatching; average initial weight was 57 g. Pooled SE for gain and gain:feed ratio were 4.41 and 6.11, respectively.
bcd main effect was significant (P<.O01). CKidney samples from three birds within each replicate were pooled before atomic absorption analysis was performed. Pooled SE for the transformed data was .017. The Cd X cysteine interaction was significant (P<.02).
dprovided by CdCI 2 9 2.5 H 20.
also appeared that infected birds fed added Cd responded to cysteine more than the birds fed no Cd, but this interaction was not significant statistically.
Coccidial infection increased the concentration of Cd in kidney tissue regardless of diet (P<.O01). Normally, the absorption of Cd is very low, 2 to 5% (Friberg et al., 1971) , but the destruction of some of the cells lining the intestine during E, acervulina infection may increase the efficiency of Cd absorption from the gut.
The increase in kidney Cd content in E. acervulina-infected birds was less in those fed 60 mg/kg added Cd (40% increase) than in those not receiving Cd (78% increase). This resulted in a Cd x coccidiosis interaction (P<.005). Friberg et al. (1971) presented evidence suggesting that as Cd concentration in the kidney reaches 200 to 300 mg/kg, renal damage occurs, resulting in a decline in the content of Cd in the kidney. This may explain why the coccidial infection did not produce as great an elevation in kidney Cd as might otherwise have been expected.
Kidney Cd concentration decreased when cysteine was added to the diets of noninfected birds fed 60 mg/kg Cd, but it increased in birds infected with E. acervulina (P<.O05). This cysteine x coccidiosis interaction together with the cysteine x coccidiosis interaction in weight gain support the hypothesis that some renal damage may have occurred in the E. acervulinainfected birds fed high (60 mg/kg) levels of Cd.
Cysteine probably aided in the prevention of some or all of this renal damage in the coccidialinfected birds, and therefore, the kidney Cd content of these birds was higher.
The results of these experiments show that while cysteine does not consistently alleviate the growth depressing effects of toxic levels of Cd, it is effective in decreasing the accumulation of Cd in the kidney. The exact mechanism of the cysteine x Cd interaction is not clear. Cysteine is a component of glutathione (a compound capable of binding electrophiles as well as alkylating and oxidizing agents), but it can also participate in detoxification reactions by providing a source of sulfur for sulfate and thiosulfate which can then form conjugates with toxic substances (Hathcock and Coon, 1978; Robbins and Baker, 1980; Southern and Baker, 1981) . Robbins and Baker (1980) indicated that cysteine forms a chelate with Cu, thus detoxifying it when excess levels are fed. However, a more likely explanation of Cd detoxification by cysteine is through the incorporation of cysteine into metallothionein, a low-molecular weight protein that has previously been implicated in Cd detoxification (Cousins, 1974 (Cousins, , 1979 Hill, 1974; Syverson, 1975) . Although the mechanism by which cysteine partially prevents the accumulation of Cd in the kidney is not fully understood, the importance of this interaction must not be overlooked, especially when dealing with chicks infected with E. acervulina. With increasing amounts of Cd pollution occurring in the en- alnfected chicks (+) were inoculated with 4 X 10 s E. acervulina oocysts on d 0, 3, 6, 9 and 12 of the assay.
bResults represent mean values obtained for triplicate groups of five male chicks during the period 9 to 23 d posthatching; average initial weight was 79 g. Pooled SE for gain and gain:feed ratio were 6.42 and 13.17, respectively.
cCd, cysteine and coccidiosis main effects were significant (P<.025). dcysteine X coccidiosis interaction was significant (P<.08).
eKidney tissue samples from three birds within each replicate were pooled before atomic absorption analysis was performed. Pooled SE for the transformed data was .042. Cd X coccidiosis, cysteine X coccidiosis and Cd X cysteine X coceidiosis interactions were significant (P<.05).
fProvided by CdCla 9 2.5H a 0. vironment, there may come a time when the ingestion of high amounts of Cd will be unavoidable. Cysteine supplementation of diets may prove invaluable in keeping tissue levels of Cd within reasonable limits and perhaps in reducing the incidence of hypertension and other diseases that have been linked with Cd toxicity. It remains to be seen whether cysteine can, in effect, remove Cd from the kidney after it has already been deposited or whether cysteine functions instead to prevent deposition of Cd.
